to Zn excess/toxicity in Arabidopsis. These studies used plants constitutively grown at high Zn whereas 117 deficiency, as a global problem, was not addressed (Inaba et al., 2015; Zargar et al., 2015a) . In all cases, 118 tissues were harvested at a single time point, effectively taking a snapshot of the physiological adjustment 119 to increased Zn levels. Here, we used Zn-starved Arabidopsis plants and monitored their proteome in 120 parallel to ionome and selected transcripts, in short time points post Zn re-supply to reveal early and 121 dynamic responses upon a change in Zn supply in plants. 122 
Materials and methods 123
Plant material cultivation, harvest and phenotyping
124
Arabidopsis thaliana (Col-0) was grown with 8h light per day at 100 µE/m 2 .s, 20°c. Seeds were germinated 125 on plates with half MS medium (Murashige & Skoog, 1962 ) and 1% sucrose. After two weeks, plants were 126 moved onto hydroponic trays (Araponics, Belgium) in modified Hoagland medium (Nouet et al. 2015) with 127
Zn-sufficient medium (1 µM Zn) for two weeks. Fresh medium was exchanged weekly. Then, medium 128 without Zn was used for three weeks. Before harvest, control medium (1 µM Zn) was re-supplied and roots 129 and shoots were harvested 10, 30, 120 and 480minutes post re-supply (Fig. S1 ). In addition, roots and 130 shoots from Zn-starved plants and from plants grown under 1 µM Zn during the 3 weeks were harvested 131 as controls; in these cases, the respective medium was last exchanged 8 hours before harvest. Harvest 132 took place in a 2h45 window at day end. Two sets of plants were grown in parallel. Plants for elemental 133 analysis were processed as described (Nouet et al., 2015) . Plants for molecular analyses were harvested in 134 liquid nitrogen and stored at -80°C. Three biological replicates (pools of 3-4 plants) were Oligo dT (Thermo Scientific). Quantitative PCRs were performed using Mesa Green qPCR MasterMix 140 (Eurogentec) in 384-well plates with a Quantstudio Q5 system (Applied Biosystems) and primers listed in 141 Table S1 . Reactions were performed in 3 technical replicates for each biological replicate. Relative gene 142 expression levels were calculated by the 2 -∆∆Ct method (Pfaffl et al., 2001 ) using multiple reference genes 143 (EF1α, At1g18050) (Nouet et al., 2015) for normalization with the qBase software (Biogazelle). 144
Ionome profiling 145 Plant material was digested and used to perform elemental analysis using inductively coupled plasma 146 atomic emission spectroscopy (ICP-OES) as described (Nouet et al., 2015) . 147
Sample preparation for mass-spectrometry
148
Frozen tissue was re-suspended in cold extraction buffer (100mM Hepes/KOH pH7.5, 250mM Sucrose, 149 10% w/v Glycerol, 5mM EDTA, 5mM Ascorbic acid, 2% PVPP, 5mM DTT) with protease and phosphatase 150 inhibitors (Sigma Aldrich and Serva). Microsomal fraction was separated as in Kierszniowska et al., (2009) . 151
The microsomal pellet was washed with extraction buffer without PVPP and re-suspended in 100-200µL 152 extraction buffer with SDS. Protein concentration was determined using Bradford (Thermo Fisher 153 Scientific). Where necessary, soluble fraction proteins were pelleted with 3-5 times ice cold acetone. The 154 SDS concentration was adjusted to 1% (w/w). Proteins were reduced with 10mM DTT for 30min, alkylated 155 in 20mM Iodacetamide for 20min in the dark, and reduction was repeated in 21mM final concentration of 156
DTT. 157
Proteins were precipitated using the 2D Clean-up Kit (GE Healthcare). The pellet was reconstituted in 158 50mM ammonium bicarbonate and digested with Trypsin (1/50 w/w) overnight at 37°C, followed with a 159 second Trypsin digestion (1/100 w/w) in 80% Acetonitrile at 37°C for 4 hours. The reaction was stopped 160 with 0.5% Trifluoroacetic Acid (w/v). 20µg of digested protein were desalted using 8µg C18 ZipTip 161 (Millipore, Bedford, MA, USA). Approximately 1.5µg protein was injected into Acquity M-Class UPLC 162 (Waters). Peptides were separated using a 180min gradient which increased from 0 to 40% acetonitrile in 163 150min and then moved up to 80% acetonitrile. settings were changed from the default: a minimum of 2 peptides for peptide identification out of which 177 one had to be unique, match between runs set to 2min. The proteins were quantified using cRacker 178 (Zauber & Schulze, 2012 chlorosis, which concentrated around the vein regions and the younger leaves in the center of the rosette 187 (Fig. 1a,b) . Zn levels in roots and shoots of Zn-starved plants were significantly lower than in Zn-sufficient 188 plants (Fig. 1c) . 189
Upon Zn re-supply, the kinetics and magnitude of Zn accumulation in roots was quite striking. Significantly 190 greater Zn was observed in roots of Zn re-supplied plants than of starved plants as early as 10 min upon 191 fractions (Fig. S3) . 238
In roots, the transport functional category, including a number of transporter families (Major Intrinsic 239
Proteins, p-and v-ATPases), was enriched and displayed a dynamic response through time (Fig. 3d) . 240
Similarly, the signaling category was also highly enriched at 10 to 120min, including calcium signaling 241 molecules and receptor kinases. Enrichment in lipid metabolism, dynamin and vesicle transport were also 242 observed at early time points (Fig. S3) . Altogether, this suggested very rapid signaling response to Zn re-243 supply, combined with dynamic changes in plasma membrane, protein movement to/from the 244 membranes and transport. In the shoot microsomal fraction, further evidence of regulation of protein 245 association to membranes (dynamin, myristoylation) was observed (Fig. 3c , 'misc'), as well as an increase 246 in p-and v-type ATPase transport proteins (Fig. 3d) . 247
Altogether, this analysis provided an overview of the systemic response to the treatment and revealed 248 that a number of processes responded dynamically to Zn re-supply. 249
Elucidation of time-related dynamic responses 250
To identify novel players responsible for Zn signaling and regulation of Zn homeostasis, a comparison of 251 each time point post re-supply (i) to Zn deficiency, and (ii) to the previous time point in the time series was 252 conducted, focusing on proteins showing at least a 4-fold change and an adjusted p<0.05 (Fig. S4, Data  253   S5 ). The rationale for this double comparison was: it identified (i) proteins with a rapid response between 254 two consecutive time points, as well as (ii) proteins that take longer to respond (when a time-point is 255 compared to Zn deficiency). Due to protein extraction and sample preparation procedures, comparisons 256 were always conducted within one tissue and fraction (Data S5) but summarized together for clarity (Data 257 S6). 258
The dynamic Zn response mobilized the regulation of 1877 proteins from a large set of functional 259 categories (Fig. 4) . The number of regulated proteins, and accordingly represented functional categories, 260 was higher in roots than in shoots, with a delayed response in shoots. 261
In roots, the number of proteins increasing or decreasing (Fig. 4a, c) through time changed from a few 262 dozens to hundreds, to reach a maximum at 480min indicating that the response was still progressing at 263 this point. At all time-points except 30min, the number of proteins with decreased expression was higher 264 than those with increased expression (e.g. 400 and 72 down-and up-regulated proteins at 120min, 265 respectively), suggesting that rapid dynamic changes are mostly enabled by repression rather than 266 synthesis of new proteins (Fig. 4a, c) . In early time points, a limited number of functional categories were 267 involved and included RNA regulation, metal handling, transport, signaling and biotic responses (PR 268 proteins/defensins), highlighting important contribution of those processes to the early response to Zn 269 supply (Fig. 5a ,c, Table S2 ). After 480min, the response mobilized 16 Mapman main functional categories 270 (and more than 200 sub-categories), e.g. transport, signaling, TCA/Organic transformation, cell wall 271 precursor synthesis, peroxidases, ribosomal protein synthesis, central amino acid metabolism, N-272 metabolism, glycolysis and RNA, thus interlinking Zn acquisition with a large part of the metabolic network 273 (Table S2 ). It appears that proteins important for plant maintenance under Zn deficient conditions (e.g. 274 stress response, Zn scavenging) remain highly expressed for at least 120min, when Zn levels in roots 275 reached about a third of the Zn found under Zn sufficient conditions (Fig. 1c) . Additionally, every functional 276 category that shows proteins decreasing in expression at 120min in roots sees an equal or larger number 277 of proteins decreasing in expression at 480min (Fig. 5c ). This indicated a coordinated decrease of proteins 278 belonging to several functional groups, e.g. transport, RNA, signaling, which correlated with Zn influx in 279 the plant (Fig. 1c, 5c ). 280
Interestingly, the pattern of up-regulated proteins in shoots displayed a similar dynamics as in roots, but 281 with a delay of one time point (Fig. 4a,b) . The first peak of up-regulated proteins (Fig. 4b ) appeared after 282 120min, which precedes the first time point where a significant Zn increase was measured in shoots ( Fig.  283 1c) and included enrichment of signaling proteins, protein synthesis, stress and Calcium transport (Fig. 5b , 284 Table S3 ). Compared to roots, it also appears that a number of metabolic functions only became activated 285 at 120 and 480min in shoots, whereas these proteins responded at earlier time points in roots (e.g. 286 fermentation, C1 metabolism or oxidative phosphorylation, Fig. 5a ,b). 287
In agreement with the delayed accumulation of Zn in shoots (Fig. 1c) , only a small number of proteins were 288 downregulated in response to Zn re-supply, with major difference only observed between Zn deficiency 289 and Zn sufficiency (Fig. 4d) , including TCA/org transformation, protein, metal handling, and signaling 290 functions ( Fig. 5d , Table S3 ). Changes of metal handling proteins (ferritins and copper binding proteins) 291
can be linked to lower Fe and Cu concentrations in Zn-sufficient conditions (Fig. 1d,f) . It is likely that a 292 longer time series would be required to discover more Zn-responding proteins in shoots, as the second 293 peak observed in roots (480min) is missing in the shoot response curve (Fig. 4a,b) . 294 Temporal regulation of Zn-related proteins and Zn amount required for recovery from Zn 295 starvation 296 A number of metal transporters and proteins involved in metal homeostasis were present in the dataset. 297
In agreement with transcriptional regulation (Fig. 1g,h ), protein levels of ZIP3, ZIP9 and IRT3 were 298 dramatically increased in both roots and shoots upon Zn deficiency. A similar pattern was observed for 299 putative Zn-transporting proteins or Zn chelator synthesis proteins, including ZIP4, ZIP5, MTP2, HMA2, 300 NAS4 (Fig. 6 , Data S2). Most of these proteins were not detected in Zn sufficient conditions, consistent 301 with very low transcript levels. In roots, the protein levels of the 5 ZIP proteins, as well as HMA2 and NAS4, 302 increased moderately in the early time points, with varying amplitude and time dependency, before 303 decreasing at later time. The observed increase in protein levels was slightly delayed compared to 304 transcript regulation, suggesting rapid de novo protein synthesis from newly synthesized transcripts. In 305 contrast, the MTP2 protein levels decreased very rapidly in roots upon Zn re-supply. In shoots, most 306 protein levels showed little variation and remained high until 480min, similar to transcript levels ( Figure  307 6). An exception was IRT3 (Fig. 6e ) which increased and displayed a maximum at 30min. 308
Next, the relation between Zn and Mn concentrations in tissues was examined in correlation to metal-309 transporter transcript expression. In both root and shoot comparisons (Fig. 7, 8) , the time series was 310 preserved along an axis defined by Zn concentration. In roots, Zn levels negatively correlated with 311 transcript levels, with exception of HMA2, and this correlation was not linear but rather followed a 312 quadratic equation with a parabola shape (Fig. 7) . Note that the 10 and/or 30min points often appeared 313 as outliers indicating that, at these times, increased transcript levels were associated with increased Zn 314 accumulation. In roots, transcript levels decreased to Zn sufficient levels when Zn amount approximated 315 200 ppm, which was achieved in 120min. In shoots, and despite a delayed Zn accumulation (Fig. 1c) , a 316 similar correlation, mainly influenced by the 480min and Zn-sufficient conditions, was observed indicating 317 that even minute amounts of Zn were sufficient to decrease Zn transporter transcripts (Fig. 8) . 318
The relation between Mn concentration and transcript levels was very different than for Zn (Fig. S5, S6 ), 319 following a quadratic equation with an upside down parabola shape in roots. The time series was not 320 preserved along the Mn concentration axis and, in most cases, appeared reversed. This suggested that the 321 transient increase in transcript levels of ZIP transporters is likely responsible for the transient increase of 322
Mn in roots at the 10 and 30min time-points. A similar pattern, although attenuated was observed in 323 shoots (Fig. S6) . 324
In addition to Zn, proteins primarily involved in Fe and Cu homeostasis were also dynamically regulated 325 upon Zn deficiency and re-supply. In roots, the Ferric-chelate reductase FRO2, the iron transporter IRT1 326 and the vacuolar Zn transporter MTP3, all members of the FIT regulon (see Introduction, Fig. 6 i, j, k) , 327 displayed a similar expression pattern at both transcript (all 3) and protein (FRO2 and IRT1) levels, with a 328 sinusoidal behavior along the time series (Fig. 6 ). This regulation pattern was similar to other ZIPs, e.g. ZIP3 329 or ZIP9, with the exception that FRO2, IRT1 and MTP3 were expressed at respectable levels in Zn sufficient 330 conditions. The MTP3 protein was only detected at a few points in the time series, preventing to draw firm 331 conclusion about its regulation, it however seemed to diverge from its regulation at transcript levels. In 332 shoots, the transcripts of these three genes were lowly expressed, with a similar and peculiar pattern, but 333 the corresponding proteins were not detected in agreement with their preponderant function in roots 334 13 (Thomine & Vert, 2013) . The YSL6 protein, a nicotianamine-metal transporter, was more highly expressed 335 in shoots than in roots (Fig. 6l, Data S2) , which is consistent with its function in Fe release from chloroplast 336 (Divol et al., 2013) . However, it displayed a rapid and strong induction in roots in the early time points (10-337 120min.). This pattern was different from the transcript behavior, suggesting post-translational control 338 enabling rapide response to accommodate Zn re-entry in root cells (Fig. 6l) . The Vacuolar iron transporter 339 (VIT, At4g27870), an uncharacterized transporter related to ER Mn transporters (Yamada et al., 2013) , 340
showed a similar pattern (Fig. 6m) . Finally, transcript and protein levels of HMA5, involved in Cu tolerance 341 (Fig 9) . 355
For instance, the number of responding kinases increased from 3 after 10min to more than 35 after 480min 356 of Zn re-supply (Fig. 9) Interestingly, At5g67380 (AtCk2) decreased in roots at 480min (Data S6), which is homologous to the only 362 kinase (CK2, casein kinase 2) shown to regulate the human ZIP7 protein (Taylor et al., 2012) . 363 14 Out of 29 responding GTP-binding proteins, 17 decreases in the microsomal fraction at 480min while 5 364 increased in the soluble fraction. Some of the highest responding G-proteins included siRANBP and RABD1 365 (30min), SAR1 (120min); GB1 and RAB11 (480min) and ARAC1 (480min and +Zn) (Fig. 9) . 366
While individual calcium-related signaling molecules were detected earlier in the time series, the 480min 367 time-point marked a hotspot for downregulation of Ca 2+ signaling with 18 proteins decreasing. These 368 included: Calcium-dependent protein kinase 19 (CDPK19), Calcium dependent protein kinase 1 (CDPK1), 369 calmodulin-domain protein kinase 7 (CPK 7), CPK27, CPK29, CPK31, CPK32, and Calcium ATPase 2 (ACA2) 370 (Data S6). 371
Among the proteins dynamically responding throughout the Zn re-supply time series, five were COP9 372 signalosome proteins (COP9, 12, 13, 15 and CIP1) (Wei et al., 2008) . Similar to bZIP19 and bZIP23 (Fig. S2) , 373 the transcript levels of COP9, 12, 13, 15 and CIP1 were not significantly regulated by Zn status even though 374 the corresponding proteins fluctuated through time (Fig. S7) , suggesting that post-transcriptional 375 regulation has a significant role in the early stages of Zn re-supply. Out of five checked proteins, four (COP9, 376 COP12, COP15 and CIP1) showed large fluctuations in protein levels in the root soluble fraction, all having 377 a first peak at 30min and a second at 480min. This synchronized response in roots leads to speculation 378 that the proteasome and COP9 signalosome may have a function in establishing Zn homeostasis. 379
Similarly, a putative transcription factor (At1g02080) showed no significant regulation of transcript levels, 380 but large variation in microsomal and soluble protein levels in roots and shoots (Fig S2b) . Overall, a 381 substantial number of transcription factors were regulated through the Zn re-supply time series (in blue 382 in Fig. 9) . (Fig. 5a) . was revealed here in unprecedented detail, together with the corresponding transcript levels (Fig. 6) and 426 the dynamics of Zn entry in the plant (Fig. 7) . For instance, many ZIP transporters, already strongly up-427 regulated at Zn deficiency, further peaked in expression at 10-30min upon Zn re-supply (Fig. 6) , before 428 going down, reversely proportional to increased Zn concentration in roots (Fig. 7, S5 (Fig. 6) . 435 
Sinclair et al. (2018) showed that among the genes transcriptionally regulated by Zn deficiency in 436
Arabidopsis roots, some (e.g. ZIPs) are controlled by a local signal, possibly via bZIP19 and bZIP23, whereas 437 others (e.g. HMA2 and MTP2) are controlled by an unidentified shoot-born Zn deficiency signal. The 438 dynamics of HMA2 and MTP2 transcript and protein levels upon Zn re-supply of Zn-deficient plants (Fig. 6 ) 439 indicate that their regulation might be even more complex: their rapid up-then down-regulation in roots 440 before Zn has reached shoots (Fig. 1, 6 ) suggests that their expression is also controlled by a local Zn 441 sufficiency/excess signal, which overrides the systemic shoot Zn-deficiency signaling. 442
The observation that Zn uptake and constant accumulation is accompanied by an initial and transient (10-443 30min) increase in Mn concentrations in roots (Fig. 1c,e) possibly highlights the dual affinity of a number 444 of ZIP transporters for both Zn and Mn (Milner et al., 2013) , but also suggests that a possible Mn excess is 445 rapidly counteracted by exclusion. Such a Mn exclusion transporter and a possible Mn sensing mechanism 446 remain to be identified. In contrast, Zn deficiency resulted in an increased Fe and Cu accumulation and Zn-447 resupply rapidly transiently decreased Fe and Cu concentrations in roots (Fig. 1) , suggesting competition 448 for uptake with Zn. Several transporters involved in Fe and Cu homeostasis were rapidly and dynamically 449 regulated by Zn re-supply (Fig. 6h-n) . 450
Early signaling events upon Zn re-supply in roots 451
The dynamics of signaling proteins responding to Zn re-supply in roots segregated in two waves (Fig. 9,  452 Data S6). Coincidently, the timing of the first wave matched the downregulation of Zn transporter 453 transcript and protein levels and the increase of Zn concentration to about 200ppm (Fig. 7, 9 ). We 454 speculate that information/sensing of restored Zn availability and an activation of uptake mechanisms is 455 transmitted through some of the early responders (e.g. MARIS, MPK3, LRR1) to Zn re-supply whereas this 456 initial response is rapidly replaced by signaling for shutting down Zn transporters, which probably involves 457 molecules identified between 30 -120min (Fig. 9) . The second wave, which is characterized by massive 458 downregulation of microsomal regulatory proteins and increase of soluble fraction signaling, coincided 459 with the first increase of Zn in shoot and possibly the initial steps of restoring a Zn-sufficiency steady-state 460 in roots. Thus, this is the time point when we expect systemic signals to become active (Sinclair et al., 461 2018), while the roots are actively working to avoid excess Zn (Fig. 6) . 462
Overall, this dynamic response to Zn re-supply mobilized numerous signaling proteins, including kinases, 463 GTP-binding proteins, calcium and phosphoinositide signaling, as well as proteins of the signalosome and 464 transcription factors (Fig. 9) . 465 Interestingly, among the earliest responding proteins (Fig. 9) , the number of identified kinases largely 466 outnumbered phosphatases (e.g. Hint 2, TOPP2, TOPP 8, PTP1, and PP2A-4), supporting a previous claim 467 that a variety of kinases are balanced by a smaller number of phosphatases (Smoly et al., 2017) . Mostly 468 responding at 120-480min (Fig. 9) c was used for the fitting, the parameters are listed in each graph. As tissues for elemental analysis and 794 transcript profiling were obtained in independent experiments, each biological replicate where transcript 795 levels were measured, was plotted against a randomly selected biological replicate from the elemental 796
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